Background
==========

Feather pecking and cannibalism are concerning welfare problems in poultry farming, and a major topic of welfare research in laying hens \[[@B1]-[@B4]\]. Severe feather pecking compromises the victim's welfare through physical pain and chronic fear, but also signals that the welfare of the perpetrator is being compromised, leading to the development of this maladaptive coping mechanism \[[@B5]\]. Recently, a line of laying hens was produced following sibling selection for low premature mortality in addition to production characteristics \[[@B6]\]. This line shows low mortality due to feather pecking and cannibalism, and differs from animals selected for production characteristics only for a number of physiological and behavioral measures which may be related to fear or stress, including altered whole-blood serotonin levels, plasma corticosterone (CORT) levels and open field behavior, while leaving cognition intact \[[@B3],[@B7]-[@B9]\]. Altered brain development has been proposed as a potential "biomarker" for welfare states in animals \[[@B10]\], and can provide more insight into the underlying processes involved in feather pecking. Based on the above findings the question is raised whether genetic selection, which has produced a reduction in feather pecking, has altered the neuroanatomy of the animals, particularly the brain areas involved in stress responses.

Introduction of (aspects of) maternal care has been proposed as a potential intervention to reduce feather pecking in laying hens. Maternal deprivation has been reported to affect the neuro-endocrine response to stress \[[@B11]\]. Rat pups raised by low care giving mothers show increased CORT responses following an acute restraint test \[[@B12]\] and different cFOS activity patterns in the paraventricular nucleus (PVN) of the hypothalamus after a shock probe stressor test \[[@B13]\] compared to pups raised by high care giving mothers. Moreover, an increase in the hypothalamic-pituitary-adrenal (HPA) axis response correlates with maternally deprived animals' fearful reactions to novel situations \[[@B14]\]. In young chicks, vocalizations of a mother hen appear to positively affect learning and memory \[[@B15]\], and a maternal odorant lowers stress response in chicks when faced with isolation and novelty \[[@B16]\]. Maternal care in chicks also promotes exploratory behaviors \[[@B17]\]. Both fearfulness \[[@B18]\] and knowledge about potential threats is communicated from (surrogate) mother hens to chicks \[[@B19]\]. Our previous studies also demonstrated that genetic selection against early mortality produced alterations in levels of tyrosine hydroxylase (TH), the rate-limiting enzyme in synthesis of catecholamines including dopamine (DA), in the nidocaudolateral pallium \[[@B20]\], decreased levels of noradrenaline (NA) and the DA metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) and a trend to decreased DA and its metabolite homovanillic acid (HVA) in the arcopallium, and increased DA turnover in the hippocampus \[[@B21]\]. Furthermore, providing maternal care caused alterations in differences in cell size between the two hemispheres in the hippocampus \[[@B20]\].

The HPA axis is the major brain circuit involved in stress responses in many different species, including avians \[[@B22]\]. Male broiler hens that experienced a social stressor had high cFOS immunoreactivity in the PVN, implicating the involvement of the HPA axis in the stress response of poultry \[[@B23]\]. Furthermore, co-administration of corticotropin releasing hormone (CRH) and arginine vasotocin (AVT; a vasopressin orthologue found in birds, reptiles and fish) in the periphery produced a strong CORT release \[[@B24]\], indicating that AVT is a fundamental part of the HPA axis circuitry, as vasopressin is in mammals \[[@B25]\]. AVT (as with vasopressin) has also been strongly implicated in social behaviors, possibly through its interactions with mesotocin, the oxytocin avian homologue \[[@B26],[@B27]\].

Catecholamines, such as DA, along with the glucocorticoids are released in stressful situations and act on the hippocampus and amgydala, affecting emotional states \[[@B14]\]. DA projected from the ventral tegmental area to the PVN stimulates the HPA axis and increases corticotropin-releasing factor (CRF) release in response to a stressor \[[@B28]\]. Belda and colleagues \[[@B29]\] further demonstrated DA stimulation of the HPA axis by blocking DA signaling, resulting in a reduced level of adrenocorticotropic hormone (ACTH) and cortisol (CORT) release in rats recently exposed to a chronic stressor.

These previous results, and the necessity to further explore the potential of characterization of brain areas for use in animal welfare research, led to the question of whether stress-related brain areas could be altered by genetic selection for low early mortality and/or maternal care in laying hens. DA has also been implicated with a role in the expression of feather pecking behavior \[[@B30]\] and, as mentioned above, TH is altered in laying hens from a low mortality selection line \[[@B20]\]. Both AVP and DA neural circuitry have roles in control of social behaviors as well as in the stress response \[[@B31],[@B32]\], which may link to maternal care.

The present study investigated whether genetic selection against early mortality, or early life exposure to a mother hen, are associated with alterations in TH or AVT in subareas of the adult laying hen hypothalamus, and whether this correlates with behavioral measures taken in an open field in early life.

Results
=======

Results of TH and vasotocin neuron counts in the hypothalamus are summarized in Table [1](#T1){ref-type="table"}. Areas and nuclei that were affected by genetic line or rearing condition will be discussed further.

###### 

Average number of immunopositive neurons in each brain area per treatment group and results of statistical analyses

   **Brain area**   **Neuron type**    **CL NO**      **CL HEN**     **LML NO**    **LML HEN**    **Main effect: Hen rearing**   **Main effect: Genetic line**   **Interaction: Hen-rearing by Genetic line**                  
  ---------------- ----------------- -------------- -------------- -------------- -------------- ------------------------------ ------------------------------- ---------------------------------------------- -------- ------ ------
        PaPC             AVT\*        108.0 ± 12.7   148.6 ± 29.5   140.1 ± 16.7   123.7 ± 38.4               0.00                           1.00                                    0.05                        0.82    2.39   0.14
                          TH               NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
        PaMC              AVT         65.0 ± 12.5    104.9 ± 26.9   68.1 ± 13.7    61.3 ± 10.1                0.02                           0.89                                    0.76                        0.39    2.02   0.17
                          TH               NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
     whole PVN            TH           39.3 ± 8.1     49.1 ± 3.1     44.9 ± 3.4     39.8 ± 7.7                0.00                           0.95                                    0.50                        0.49    1.04   0.32
        MPO               AVT          30.4 ± 8.2    35.9 ± 10.9     24.0 ± 7.8     29.4 ± 7.9                0.18                           0.68                                    0.56                        0.46    0.18   0.68
                          TH               NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
        MPA               AVT          6.3 ± 2.8     28.4 ± 12.7     5.9 ± 3.8      37.7 ± 9.9               *6.70*                         *0.02*                                   0.45                        0.51    1.07   0.31
                          TH               NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
        AMPO              AVT          18.4 ± 5.3     32.4 ± 5.4     31.7 ± 6.8     31.4 ± 6.4                1.63                           0.21                                    1.08                        0.31    1.88   0.18
                          TH               NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
        LPO               AVT         60.6 ± 10.1    72.1 ± 10.5    56.1 ± 13.0    97.7 ± 19.5               *4.25*                         *0.05*                                   0.52                        0.48    0.59   0.45
                          TH               NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
     whole POA            TH          26.7 ± 16.0     5.9 ± 5.9     36.0 ± 13.9    15.3 ± 11.5                2.58                           0.12                                    1.04                        0.32    0.00   0.97
        SON               AVT         177.1 ± 52.8   172.9 ± 18.6   173.9 ± 40.7   168.1 ± 41.8               0.00                           0.97                                    0.21                        0.65    0.17   0.68
                          TH               NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
         AH               AVT          16.1 ± 6.5     37.7 ± 9.9     15.3 ± 5.0     17.1 ± 5.2                2.15                           0.16                                    1.44                        0.24    1.88   0.18
                          TH           16.7 ± 5.2     16.1 ± 2.6     13.9 ± 1.1     11.3 ± 4.3                0.08                           0.78                                    1.35                        0.26    1.26   0.27
         LH               TH           20.9 ± 3.9     30.1 ± 6.8     30.1 ± 5.6     30.5 ± 6.6                0.30                           0.59                                    0.60                        0.45    0.29   0.60
        VMH               AVT              NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
                          TH           2.1 ± 0.6      3.9 ± 1.0      5.9 ± 2.3      2.5 ± 0.6                 0.02                           0.88                                    0.15                        0.71    1.27   0.27
         PH               AVT              NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
                          TH           25.6 ± 5.2     22.9 ± 7.0     28.6 ± 5.3     23.0 ± 4.8                0.44                           0.51                                    0.00                        0.95    0.00   0.94
         DM               AVT              NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
                          TH           2.0 ± 1.2      3.6 ± 1.7      0.7 ± 0.5      3.7 ± 1.5                *5.65*                         *0.03*                                   0.28                        0.60    0.44   0.52
        HSOD              TH           6.7 ± 3.6      8.4 ± 1.9      6.4 ± 1.2      10.8 ± 3.6                1.48                           0.24                                    0.30                        0.59    0.23   0.64
         Pe               AVT              NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
                          TH           15.0 ± 3.2     13.9 ± 3.4     26.4 ± 3.2     24.5 ± 6.9                0.41                           0.53                                   *7.09*                      *0.01*   0.14   0.71
       ML/MM              AVT              NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
                          TH           1.3 ± 1.3      3.7 ± 3.2      4.4 ± 2.8      5.3 ± 4.8                 0.31                           0.58                                    0.41                        0.53    0.63   0.44
         RM               AVT              NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
                          TH           12.4 ± 3.0     24.4 ± 6.7     24.7 ± 4.8     19.5 ± 2.1                0.78                           0.39                                    1.71                        0.20    2.26   0.15
       maVTA              AVT              NA             NA             NA             NA                     NA                             NA                                      NA                          NA      NA     NA
                          TH           0.0 ± 0.0      0.0 ± 0.0     27.7 ± 18.2    10.2 ± 10.2                0.32                           0.58                                    3.66                        0.07    0.35   0.56

Total count for each brain was divided by the number of sections containing a brain area. Results presented as average ± SEM; analysis was performed on ranks with a Friedman\'s Two-way Nonparametric ANOVA. \* Is the average result per treatment group but not by the dividing number of sections containing neurons in the PaPC.

*Abbreviations:PaPC* parvocellular area of the paraventricular nucleus, *PaMC* magnocellular area of the paraventricular nucleus, whole *PVN* All areas of the paraventricular nucleus of the hypothalamus, *MPO* medial pre-optic nucleus, *MPA* Medial pre-optic area, *AMPO* anteromedial pre-optic nucleus, *LPO* Lateral pre-optic nucleus, whole *POA* all preoptic nuclei, *SON* supraoptic nucleus, *AH* anterior hypothalamic nucleus, *LH* lateral hypothalamic nucleus, *VMH* ventromedial hypothalamic nucleus, *PH* posterior hypothalamic nucleus, *DM* dorsomedial hypothalamic nucleus, *HSOD* hypothalamic nucleus of the supraoptic decussation, *Pe* periventricular area, *ML/MM* medial and mediolateral part of the mammillary nucleus, *RM* retromammillary area, *BNST* bed nucleus of the stria terminalis, *maVTA* mammillary part of the ventral tegmental area. *NA* not applicable as neuron type not found in that area. Significant effects (p\<0.05) are indicated in italics.

Tyrosine hydroxylase (TH)
-------------------------

More TH containing cells were counted in the periventricular area of the hypothalamus (Pe) in the LML compared to the CL hens (F~1,\ 23~ = 7.09, p = 0.01; visualized in Figures [1](#F1){ref-type="fig"}A and [2](#F2){ref-type="fig"}). There was no effect of rearing condition on the number of TH immunoreactive cells in the Pe (F~1,\ 23~ = 0.41, p = 0.53). In the DM, more TH immunopositive neurons were found in hen-reared chickens compared to those reared without a hen (F~1,\ 23~ = 5.65, p = 0.03), although the average number of neurons counted was low (overall average of 2.4 ± 0.65 neurons counted per section containing the DM). No effect of genetic line was seen in the DM (F~1,\ 23~ = 0.52, p = 0.48).

![**Graphic representation of the average number of TH- positive neurons in the Pe and AVT- positive neurons in the MPA. A)** The average total number of tyrosine hydroxylase neuronal cells per containing sections in the periventricular area (Pe) of the hypothalamus (significant main effect of genetic line, see Table [1](#T1){ref-type="table"}), and **B)** the average total number of vasotocin neuronal cells per containing sections in the medial pre-optic area (MPA; significant main effect of rearing, see Table [1](#T1){ref-type="table"}). Results presented as average ± SEM; analysis was performed on ranks with a Friedman\'s Two-way Nonparametric ANOVA. CL NO = control genetic line raised without a hen, CL HEN = control genetic line raised with a hen, LML NO = low mortality genetic line raised without a hen, LML HEN = low mortality genetic line raised with a hen.](1746-6148-10-167-1){#F1}

![**Photomicrographs of TH and AVT immunohistochemical staining in the hypothalamus. A)** Photomicrographs of tyrosine hydroxylase neuronal cells in the periventricular area (Pe) of the hypothalamus, based on figure 25 of the stereotaxic atlas of the chick brain (Puelles et al. \[[@B48]\]), **B)** Photomicrographs of vasotocin neuronal cells in the medial pre-optic area (MPA), based on figure 14 of the stereotaxic atlas of the chick brain (Puelles et al. \[[@B48]\]) and **C)** Photomicrographs of vasotocin neuronal cells in the parvocellular part of the paraventricular nucleus (PaPC), based on figure 16 of the stereotaxic atlas of the chick brain (Puelles et al. \[[@B48]\]). Left to Right: CL NO = control genetic line raised without a hen, CL HEN = control genetic line raised with a hen, LML NO = low mortality genetic line raised without a hen, LML HEN = low mortality genetic line raised with a hen. All images were taken at 10x magnification. Abbreviations: 3v = third ventricle, ac = anterior commissure, ir = infundibular recess, MPO = medial pre-optic nucleus, MPA = Medial pre-optic area, PaPC = parvocellular area of the paraventricular nucleus, Pe = periventricular area.](1746-6148-10-167-2){#F2}

Selection line and rearing condition did not affect the number of TH-ir cells in any other areas of the hypothalamus.

Vasotocin
---------

Rearing condition affected the number of AVT-ir cells in the medial pre-optic area of the hypothalamus (MPA), as chickens raised with a hen and receiving maternal care in early life had more AVT-ir cells in the MPA compared to the hens raised without a mother hen (F~1,24~ = 6.70, p = 0.02, visualized in Figures [1](#F1){ref-type="fig"}B and [2](#F2){ref-type="fig"}).

The chickens raised with a mother hen also tended to have more AVT-ir cells in the lateral pre-optic area of the hypothalamus (LPO) compared to the chickens raised without a hen (F~1,24~ = 4.25, p = 0.05).

Correlations with behavioral data
---------------------------------

Correlations were observed between several behavioral measures with other behavioral measures, such as between latency to stand and latency to walk, between latency to stand and number of steps, and between latency to stand and number of distress calls. Correlations were also found between neuron counts with other neuron counts, for instance between TH positive neurons in VMH and TH positive neurons in DM. However, no significant correlations were found between any of the variables from the previously conducted open field test Rodenburg et al. \[[@B8],[@B9]\] and the hypothalamic areas showing significant groups differences in the present study (see Table [2](#T2){ref-type="table"}).

###### 

Spearman Rank Correlations between results of open field (OF) at 5--6 weeks of age and number of hypothalamic tyrosine hydroxylase (TH)- or vasotocin (AVT) positive neurons

                                     **Lstand**   **Lwalk**   **Nstep**   **Ndiss**   **AVT-MPA**   **AVT-PaPC**   **AVT-LPO**   **TH-VMH**   **TH-DM**   **TH-RM**   **TH-PE**
  -------------------------------- ------------ ----------- ----------- ----------- ------------- -------------- ------------- ------------ ----------- ----------- -----------
  Lstand                                  1.000     *0.753*    *-0.635*    *-0.580*        -0.108          0.225         0.137        0.031      -0.212       0.060      -0.262
  latency to stand in OF                          *\<.0001*     *0.000*     *0.002*         0.593          0.260         0.495        0.882       0.297       0.770       0.196
                                             27        *27*        *27*        *27*            27             27            27           26          26          26          26
  Lwalk                                 *0.753*       1.000    *-0.780*    *-0.432*        -0.113          0.220         0.116        0.005       0.012      -0.001      -0.266
  latency to walk in OF               *\<.0001*               *\<.0001*     *0.024*         0.576          0.271         0.565        0.980       0.954       0.997       0.189
                                           *27*          27        *27*        *27*            27             27            27           26          26          26          26
  Nstep                                 *0.635*    *-0.780*       1.000     *0.546*         0.220         -0.026        -0.065       -0.034       0.051       0.098       0.285
  Number of steps in OF                 *0.000*   *\<.0001*                 *0.003*         0.270          0.898         0.748        0.869       0.804       0.633       0.158
                                           *27*        *27*          27        *27*            27             27            27           26          26          26          26
  Ndiss                                 *0.580*    *-0.432*     *0.546*       1.000         0.110         -0.106        -0.269        0.327       0.241       0.188       0.276
  Number of distress calls in OF        *0.002*     *0.024*     *0.003*                     0.586          0.599         0.175        0.103       0.237       0.358       0.172
                                           *27*        *27*        *27*          27            27             27            27           26          26          26          26
  AVT-MPA                                -0.108      -0.113       0.220       0.110         1.000          0.256         0.303        0.131      -0.134       0.146       0.338
  AVT positive neurons in MPA             0.593       0.576       0.270       0.586                        0.188         0.117        0.514       0.505       0.467       0.085
                                             27          27          27          27            28             28            28           27          27          27          27
  AVT-PaPC                                0.225       0.220      -0.026      -0.106         0.256          1.000         0.217        0.166      -0.008       0.280     *0.545*
  AVT positive neurons in PaPC            0.260       0.271       0.898       0.599         0.188                        0.268        0.408       0.968       0.157     *0.003*
                                             27          27          27          27            28             28            28           27          27          27        *27*
  AVT-LPO                                 0.137       0.116      -0.065      -0.269         0.303          0.217         1.000       -0.007      -0.017       0.141       0.013
  AVT positive neurons in LPO             0.495       0.565       0.748       0.175         0.117          0.268                      0.971       0.932       0.484       0.950
                                             27          27          27          27            28             28            28           27          27          27          27
  TH-VMH                                  0.031       0.005      -0.034       0.327         0.131          0.166        -0.007        1.000    *-0.392*     *0.744*     *0.514*
  TH positive neurons in VMH              0.882       0.980       0.869       0.103         0.514          0.408         0.971                  *0.043*   *\<.0001*     *0.006*
                                             26          26          26          26            27             27            27           27        *27*        *27*        *27*
  TH-DM                                  -0.212       0.012       0.051       0.241        -0.134         -0.008        -0.017     *-0.392*       1.000      -0.342      -0.287
  TH positive neurons in DM               0.297       0.954       0.804       0.237         0.505          0.968         0.932      *0.043*                   0.080       0.147
                                             26          26          26          26            27             27            27         *27*          27          27          27
  TH-RM                                   0.060      -0.001       0.098       0.188         0.146          0.280         0.141      *0.744*      -0.342       1.000     *0.422*
  TH positive neurons in RM               0.770       0.997       0.633       0.358         0.467          0.157         0.484    *\<.0001*       0.080                 *0.028*
                                             26          26          26          26            27             27            27         *27*          27          27        *27*
  TH-PE                                  -0.262      -0.266       0.285       0.276         0.338        *0.545*         0.013      *0.514*      -0.287    *0.4221*       1.000
  TH positive neurons in Pe               0.196       0.189       0.158       0.172         0.085        *0.003*         0.950      *0.006*       0.147     *0.028*            
                                             26          26          26          26            27           *27*            27         *27*          27        *27*          27

For all cells in table, correlations are listed as Rho value, P value, and N. See Table [1](#T1){ref-type="table"} for abbreviations of hypothalamic areas. Significant correlations (p\<0.05) are indicated in italics.

Discussion
==========

The hypothalamic brain areas and nuclei of adult laying hens selected for low mortality (LML line) were examined and compared with adult laying hens not selected for specific behavioral traits (CL line). The effect of mother hen rearing on the two genetic lines and their hypothalamic morphology was also investigated. Both TH- and AVT- positive neurons were found in hypothalamic areas and nuclei consistent with previous reports in both avians and mammals (TH: \[[@B33]\]; AVT: \[[@B34]\]). We demonstrated an increase in the number of TH-positive neurons in the Pe of the hypothalamus in the LML hens compared to CL hens. Hen-reared chicks showed more AVT-positive neurons in the MPA compared to the hens raised without a hen. An interaction of genetic selection and hen rearing was observed in the parvocellular part of the PaPC, though none of the groups differed significantly in post-hoc testing. No correlations were found between behavior in an open field at 5--6 weeks of age, and the histology of the same hens at adulthood.

Genetic selection against feather pecking linked to more TH-positive neurons in periventricular area
----------------------------------------------------------------------------------------------------

TH is a well-established indicator of catecholamine neuron types. The distribution of TH-ir cells in this study matches with previous reports of dopamine neuron distribution, strengthening the reliability of using this rate-limiting enzyme \[[@B35]\]. Moreover, previous studies have shown that while noradrenergic fibers and receptors are present in the hypothalamus, when enzymes used to define noradrenergic neurons (another catecholamine), β-hydroxylase or phenylethanolamine-N-methyltransferase (PNMT) are examined, perikarya of these neuron types are not found in the hypothalamus of mammals \[[@B35],[@B36]\] or are sparsely found, but only in neurons that do not express TH \[[@B37]\]. These observations indicate a high probability that the neurons stained by TH are indeed dopaminergic neurons.

The LML hens had more TH immunopositive neurons in the Pe of the hypothalamus compared to the CL line hens originating from the same commercial breed (White Leghorn). There is evidence for involvement of Pe DA (DA~A14~) neurons in stress responses. In macaques it was found that the DA~A14~ neurons of the Pe area are co-localized with and activated by CRF neurons \[[@B38]\]. Secondly, the Pe area includes part of the magnocellular division of the PVN (PaMC) \[[@B39]\]. The PaMC was recently demonstrated as an integral part of the stress response by releasing peptides peripherally that feedback and activate the HPA axis \[[@B24]\]. Moreover, Moons and colleagues \[[@B33]\] described the dopaminergic cells of the Pe zone as in contact with the PVN region. Dopamine is postulated to play a role in feather pecking, as chickens administered DA receptor antagonists showed reduced feather pecking behavior \[[@B30]\]. In line with these reports, the fourth generation of the same LML hens was shown to have lower corticosterone levels than the control line, and expressed less fear in behavioral testing \[[@B3],[@B8],[@B9]\].

Given the connection between feather pecking and a heightened stress response, it is possible that the present data reflect a role for DA neurons of the Pe in the stress response and feather pecking behavior. If differences in Pe brain neuroanatomy are involved in an altered stress response, as hypothesized by previous researchers \[[@B33],[@B38]\], and are linked to selection against feather pecking as suggested by the present study, Pe DA neuron number may be a useful welfare biomarker in poultry farming. If so, an increase in DA neuron number in the Pe may reflect a propensity to decreased welfare.

More TH-ir cells were found in the Pe of hens from the LML line than in those from the CL line. Our previous studies showed reductions in TH in the nidocaudolateral pallium \[[@B20]\], decreased levels of noradrenaline (NA, for which TH is also a precursor) and the DA metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) and a trend to decreased DA and its metabolite homovanillic acid (HVA) in the arcopallium \[[@B21]\]. More cells in an area increase the likelihood of increased peptide synthesis and release to efferent brain areas, though more immunopositive cells does not strictly mean more neurotransmitter release. However, the increase in TH positive neurons found in the Pe in the present study may be more related to the reproductive role for this area, than feather pecking per se. Hens from LML start egg production later and gain weight more slowly than hens from the control line \[[@B40]\], indicating a change in rate of reproductive maturity as a result of genetic selection. In mammals, the Pe is known to be rich in gonadal steroid receptors \[[@B41]\] and is well innervated by growth hormone-releasing hormone from the arcuate nucleus and ventromedial hypothalamus. Furthermore, the TH cells of the periventricular pre-optic area are colocalized with GnRH and thought to be involved in reproductive physiology \[[@B42]\]. In avians, hypothalamic TH has been correlated with nesting and brooding behavior, with high numbers of TH-positive neurons in nesting (thus non-laying) Thai hens \[[@B43],[@B44]\].

Maternal care and the medial pre-optic area
-------------------------------------------

AVT is a key neurotransmitter of brain systems controlling social behavior (reviewed: \[[@B31]\]), making it an interesting neuron type to investigate the control of bird-to-bird feather pecking behavior and maternal care in chickens. In the present study, the chickens that had been reared by a foster hen had markedly more AVT neurons in the MPA of the hypothalamus as adults compared to the hens that never experienced maternal care. Considering the 45 week gap between last being housed with a mother hen and euthanasia, this represents a long-lasting effect. Our previous studies in this same group of hens also demonstrated that maternal care alters the difference in cell size between the left and right hippocampus when measured in adult hens \[[@B20]\], supporting the long-lasting effects of maternal care on brain development in laying hens.

The MPA is heavily involved in expression of maternal behavior, and the presence of pups increases the activity of the MPA in female rats \[[@B45]\]. Maternal behavior in commercial laying hen breeds has disappeared- indeed, broodiness is considered a problem \[[@B46]\]. The data from the present study show that experience of maternal care increases cell number in this area, suggesting that although they do not show maternal care, chicks are still receptive to the effects of maternal care. Maternal care also had clear effects on the behavior of the birds in the present study, as they were less fearful during early life compared with non-brooded birds and showed less cannibalistic toe pecking as adults \[[@B8]\]. Testing aspects of maternal care, such as broodiness, of hen reared and non-hen reared chickens would be interesting to see if receiving maternal care positively affects future maternal care giving, as has been established in rodents \[[@B47]\], although this would have to be tested in non-commercial lines, since commercial lines show such low levels of maternal care. If so, it would indicate the importance of maternal care experience on brain development in chickens and have welfare implications for current chick raising methods.

Correlations with behavioral studies
------------------------------------

We did not find any significant correlations between behavior as measured in an Open Field at 5--6 weeks of age, and histological analysis of TH and AVT in the hypothalamus. Although both measures are related to the HPA axis, the lack of a one-to-one relationship between behavior and histology is not surprising, especially given the amount of time which passed between the (relatively short) behavioral study and the time that the animals were sacrificed for histology. Future studies examining correlations with histology should include more animals and/or behavioral measures closer in time to the point reflected in histology.

Conclusions
===========

In summary, the number of TH-ir neurons in the hypothalamic regions involved in the stress response was altered in animals selected for lower mortality by severe feather pecking. The differences may contribute to behavioral and physiological fear and stress differences observed between the LML and the CL animals.

In addition, differences of AVT neuron number in hypothalamic regions involved in social behavior, specifically maternal behavior, coincided with whether the hens had been raised by a mother hen. This long term and profound anatomical difference is impressive and warrants further investigation into whether the development of feather pecking can be reduced or avoided by rearing production chicks with mother hens or providing aspects of maternal care, such as shelter, warmth, or darkness.

Methods
=======

The study was reviewed and approved by the local ethics committee of Wageningen University, the Netherlands, and was conducted in accordance with the recommendations of the EU directive 86/609/EEC. All effort was taken to minimize the number of animals used and their suffering.

Animals
-------

A total of 28 chickens from two selected lines, both originating from the pure bred White Leghorn layer line at ISA B.V. Breeding Division of Hendrix Genetics were used. One line was selected for low premature mortality (LML) according to a sib-selection approach \[[@B6]\]. The second generation of this LML was used. The other genetic line was selected using individual performance only and is referred to as the control line (CL) \[[@B8],[@B9]\]. The animals were raised either with or without a foster hen, producing four treatment groups: LML raised with a hen (LML HEN), LML raised without a hen (LML NO), CL raised with a hen (CL HEN), and CL raised without a hen (CL NO). For details of the rearing and fostering procedures, see Rodenburg et al. \[[@B8],[@B9]\]. At week 52, all hens (n = 7 per group) were humanely euthanized by cervical dislocation and the brains processed.

Tissue processing
-----------------

Brains were dissected, immersion fixed and cryoprotected in 4% paraformaldehyde with 30% sucrose for up to 12 hours at 4°C. The brains were then embedded in gelatine and stored in a 30% sucrose solution at 4°C. Brains were sectioned into 40 μm slices on a vibratome (Leica VT1200S). Sections were collected in 10 parallel series and stored in tubes of 0.12 M phosphate-buffered saline (PBS) and 0.1% sodium azide at 4°C. For orientation, a hole was made with a needle in the left or right hemisphere of the brain (outside of the hypothalamus).

Single-label immunohistochemistry (IHC)
---------------------------------------

IHC was done using a Vector labs Elite ABC kit (Brunschwig Chemie, Amsterdam) on free-floating sections. Unless otherwise stated, all steps were done at room temperature and by placing the sections on a low speed shaker to help evenly expose the sections to the solutions. Washing steps were in 0.05 M tris-buffered saline (TBS) for 5 minutes and repeated three times. Sections were placed into 0.12 M PBS for 10 minutes. Sections were then washed before incubation in 0.3% hydrogen peroxide and methanol for 10 minutes to remove endogenous peroxidase. After another washing step, the sections were incubated for 1 hour in 5% normal goat serum (NGS) blocking buffer in 0.03% triton-X100 in TBS (TBST). Excess buffer was removed and the slides incubated in primary antiserum for vasotocin (AVT) (rabbit anti-AVT 1:2500, kind gift from Prof. S. Blähser), or TH (rabbit anti-TH 1:2000, Chemicon AB152) in 1% NGS-TBST blocking buffer for 1 hour at room temperature and then at 4°C overnight. The following day, sections were washed twice in TBST before incubation for 1 hour in secondary antiserum (goat anti-rabbit IgG 1:200, DAKO, Denmark) in 1% NGS-TBST blocking buffer. After washing, sections were incubated in 1% avidin/biotin solution (Vectastain ABC-Elite kit) in TBS for 45 minutes. Sections were then washed before being stained with 3,3\'-Diaminobenzidine (DAB, Sigma) with 0.02% H~2~O~2~ peroxidase activity in TBS (AVT: 60--80 seconds, TH: up to 150 seconds), then washed again. Finally, sections were mounted onto SuperFrostplus^®^ slides and processed through a clearing and dehydration series of ethanol and xylene to remove lipids and water, and cover-slipped using DePeX (Serva Electrophoresis, Heidelberg).

Antisera specificity
--------------------

To prevent cross-reaction to the related peptide mesotocin, the AVT specific rabbit serum was absorbed to oxytocin (the mammalian equivalent of mesotocin) coupled to CNBR-activated Sepahrose4B according to manufacturers protocol (GE Healthcare, the Netherlands) and the non-binding fraction of the antiserum was used. In addition, the specificity of the antiserum specific for AVT in chicken tissue was demonstrated by replacing the primary antibody with normal rabbit IgG as a control for non-specific interaction.

Visualizing and analysis
------------------------

One series was stained using anti-TH, and one series using anti-AVT. The distance between each consecutive section in the series was 400 μm. Division of the cells into subdivisions of the hypothalamus was based on a stereotaxic atlas of the chick brain (Puelles et al. \[[@B48]\]). Table [1](#T1){ref-type="table"} lists all areas and nuclei where cell counts were made. The average number of immunoreactive cells per area and per individual was divided by the number of sections containing that area and compared between treatment groups. The total number of immunoreactive cells per brain, without being divided by the number of sections containing the neuron type, was also compared between treatment groups. Stained sections were imaged on an Olympus BX51 microscope at magnification ×20 and ×40. An Olympus E330 digital camera was used with an Olympus BX40 microscope to take the images, which were processed using the Adobe Photoshop CS3 program. Counts of neurons were conducted live at magnification ×40. The observer was blind to the genetic line and rearing condition of each subject. All statistical analysis was calculated using SAS 9.2 (SAS Institute, Cary, NC) software. Because data was not normally distributed, non-parametric testing was employed. For comparison of hypothalamus neuron counts, Friedman\'s Two-way Nonparametric ANOVA with the factors Genetic Line and Rearing Conditions was used. Staining of all sections was spread across four batches. Possible batch artifacts were investigated and no significant effect was found, therefore staining batch was not considered as a factor for analysis. For the TH data, the LML HEN treatment group only had 6 brains due to fixation issues. Where appropriate, the four genetic line by rearing conditions groups were compared using Fisher's least significant differences (LSD) post-hoc analysis. The null hypothesis was always that there is no difference between treatment groups. P values were considered significant at \<0.05 unless otherwise stated.

Correlation with behavioral data
--------------------------------

To determine whether the histological data was related to behavior in the hens at a young age, correlations were determined between the histological data from the present study and previously published open field data. For the correlations, only the subset of hens included in the present histological study was included. The hens in the current experiment were exposed to an open field and observed at 6 weeks of age, as previously described \[[@B8]\]. Briefly, each focal bird was tested in an open-field test for 5 min. The open field consisted of a 1.25 × 1.25 m observation pen, which was divided into 5 × 5 squares by white markings, measuring 25 × 25 cm each. The front wall was made of Perspex, through which a camera recorded the area of the pen, allowing the observer to record the behavior using the software package "The Observer" (Noldus Information Technology BV, Wageningen, The Netherlands) from a video screen in an adjacent room. The latencies to vocalize, stand up and walk, as well as the number of distress calls and the number of steps were recorded using focal sampling. Birds were tested in a random order, alternating between the different housing pens. A single person conducted all tests and behavioral observations. Birds were tested between 0830 and 1630 h. Treatments were equally distributed over testing times.

To avoid a very large number of correlations, which would increase the likelihood of significant correlations by chance, only variables from the open field and histological measures were included in the correlation analysis that showed significant differences or trends in an ANOVA. Because a large number of variables were not normally distributed, Spearman Rank Correlations (SAS CORR SPEARMAN procedure) were calculated using SAS 9.2 (SAS Institute, Cary, NC) software. For the open field data, this meant the variables "latency to stand", "latency to walk", "number of distress calls", and "number of steps". We confirmed significant effects as described in Rodenburg et al. \[[@B8]\] in the subset of animals used in the current histological experiments for these variables (SAS GLM procedure; data not shown). The following histological data were included for correlation analysis: AVT positive neurons in MPA; AVT positive neurons in PaPC; AVT positive neurons in LPO; TH positive neurons in VMH; TH positive neurons in DM; TH positive neurons in Pe; and TH positive neurons in RM.
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